Hybrid FRP-concrete-steel double-skin tubular columns (hybrid DSTCs) are a novel form of hollow columns consisting of an outer FRP tube, an inner steel tube, and an annular layer of concrete between the two tubes. Due to the effective confinement of the two tubes, the concrete in hybrid DSTCs is well confined, leading to excellent ductility and strength enhancement. Hybrid DSTCs also have excellent corrosion resistence due to the effective protection of the outer FRP tube. However, existing studies mainly focused on hybrid DSTCs with a circular cross-section. When subjecting to different loads in the two horizontal directions, elliptical columns are preferred as they can provide different bending stiffness and moment capacity around two axes of symmetry without significantly reducing the confining effect of the FRP tube. is paper extends the existing work on circular DSTCs to elliptical DSTCs with a particular focus on four issues: the effect of elliptical aspect ratio (i.e., the ratio of the major axis to the minor axis of the outer elliptical cross-section), the effect of the FRP tube thickness, the effect of void area ratio (i.e., the ratio of the area of concrete void to the area of the outer elliptical section), and the effect of the cross-section of the inner steel tube (i.e., both rectangular and elliptical steel tubes were used). Experimental results show that, the averaged peak stress of the confined concrete in elliptical DSTCs increases with the increase in the elliptical aspect ratio, whereas the elliptical aspect ratio has no obvious effect on the ultimate axial strain; the cross-section shape of the inner steel tube has significant effect on the axial stress-strain behavior of the confined concrete in elliptical DSTCs; elliptical DSTCs with an elliptical steel tube exhibit much better ductility and strength enhancement than those specimens with a rectangular steel tube. A simple stress-strain model of confined concrete was proposed for elliptical DSTCs to account for the effects of the elliptical aspect ratio, the inner void, and the shape of the inner steel tube, which can provide reasonably accurate but conservative predictions.
Introduction
Fiber-reinforced polymer (FRP) composites have many advantages compared with traditional building materials (i.e., concrete and steel), such as high strength-weight ratio and excellent corrosion resistance. FRP composites have found increasing applications in civil engineering, both in the retrofitting of existing reinforced concrete structures (e.g., bonding FRP composites to concrete beams to enhance their bending strength or shear strength; wrapping FRP composites on concrete columns to improve their ductility under seismic loading) and in the construction of new structures incorporating with FRP (e.g., FRP decks for footbridges; FRP domes for radar equipment; concrete-filled FRP tubes as bridge piles) [1] [2] [3] . Extensive studies have been conducted to explore the possibilities of constructing new structures using FRP composites [4] [5] [6] [7] , in which traditional materials (e.g., concrete and steel) are combined with FRP composites to create novel hybrid structures. e word hybrid rather than composite is used here to indicate the combined use of traditional materials and FRP composites to prevent any confusion or misunderstanding as FRP itself is a composite material consisting of both fibers and resin matrix.
Hybrid FRP-concrete-steel double-skin tubular columns (hybrid DSTCs), which combine concrete, steel, and FRP composites in an optimal manner, were invented at the Hong Kong Polytechnic University in 2004 [8, 9] . Hybrid DSTCs consist of an inner steel tube, an annular layer of concrete, and an outer FRP tube (Figure 1(a) ). e inner steel tube provides the main longitudinal reinforcement for hybrid DSTCs and also prevents the concrete from inward spalling during the earthquake. e outer FRP tube usually consists of fibers oriented in the hoop direction or close to the hoop direction to confine the concrete and to enhance the seismic performance of the member. To reduce the construction cost, the outer FRP tube and the inner steel tube could also be used as the in-situ mold for the concrete casting. Hybrid DSTCs are quite suitable for structural members in harsh environments due to their excellent corrosion resistance, which is enabled by the use of the outer FRP tube. Hybrid DSTCs are also particularly attractive for use in seismic regions due to their excellent energy dissipation ability under earthquake loading.
Teng et al. [8, 9] presented the first-ever experimental study on hybrid DSTCs under axial compression and explained the rationale and advantages of hybrid DSTCs in detail. Since then, hybrid DSTCs have received extensive research attention from researchers. Existing research on hybrid DSTCs mainly covers the following aspects: (1) hybrid DSTCs under monotonic axial compression [8] [9] [10] [11] [12] [13] [14] [15] [16] ; (2) hybrid DSTCs under cyclic axial compression [17] [18] [19] ; (3) hybrid DSTCs under eccentric compression [20, 21] ; (4) hybrid DSTCs subjected to combined axial compression and cyclic lateral loading [22] [23] [24] [25] ; (5) hybrid DSTCs under lateral impact loading [26, 27] . Yu [10] presented the first systematic study of hybrid DSTCs under axial compression, in which small-scale specimens with normal strength concrete (NSC) were tested. Yu's [10] work confirmed the concrete in hybrid DSTCs is very effectively confined by the two tubes, and the local buckling of the inner steel tube is either delayed or suppressed by the surrounding concrete, leading to a very ductile response. Hybrid DSTCs constructed with high strength concrete (HSC) was first reported in Zhang et al. [12] , which confirmed that hybrid DSTCs still possess excellent ductility if the FRP tube has sufficient confinement stiffness and sufficient rupture strain capacity. Zhang et al. [16] conducted a study on large-scale hybrid DSTCs subjected to combined axial compression and cyclic lateral loading, which indicates that hybrid DSTCs possess excellent ductility and seismic resistance even when high strength concrete with a cylinder compressive strength of around 120 MPa is used. Wang et al. [26] tested hybrid DSTCs under lateral impact loading using a drop hammer testing facility and confirmed the excellent energy dissipation ability of hybrid DSTCs. Some variations of hybrid DSTCs were also investigated experimentally, including (1) use of light-weight concrete [28] ; (2) use of recycled aggregate concrete [29] ; (3) use of ribbed steel tubes [30] ; (4) use of high-strength steel tubes [31] ; (5) use of large-rupture-strain FRP tubes [32] .
Existing studies, however, are mostly focused on hybrid DSTCs with a circular cross-section (i.e., the cross-section of the outer FRP tube is circular) (Figures 1(a) and 1(b)). Although circular DSTCs are attractive as bridge piers, elliptical DSTCs are preferred when the column is subjected to different loads in the two horizontal directions. Elliptical DSTCs can provide different bending stiffness and moment capacity around two axes of symmetry without significantly reducing the confining effect of the FRP tube [33] . To extend the existing study on hybrid DSTCs, the present study presents an experimental study of elliptical DSTCs under monotonic axial compression with a particular focus on four issues: the effect of elliptical aspect ratio (i.e., the ratio of the major axis to the minor axis of the outer elliptical cross-section), the effect of the FRP tube thickness frp , the effect of the void area ratio (i.e., the ratio of the area of the concrete void to the area of the outer elliptical section), and the effect of the cross-section of the inner steel tube (i.e., both rectangular and elliptical steel tubes were used, Figures 1(c) and 1(d)).
Experimental Program

Specimen Details.
In the present study, elliptical DSTCs with a height of 600 mm were fabricated and tested. ese specimens could be divided into two groups based on the cross-section of steel tubes: (1) elliptical DSTCs with an elliptical inner steel tube (referred to as EE-DSTCs) ( Figure 2 ); (2) elliptical DSTCs with a rectangular inner steel tube (referred to as ER-DSTCs) ( Figure 3 ). Specimen details are summarized in Table 1 and cross-sectional configurations are shown in Figures 2 and 3 . For all specimens, the major axis 2a of the outer elliptical cross-section was 300 mm, while the minor axis 2푏 was 300, 250, or 200 mm, leading to three different elliptical aspect ratios 휌 = 2푎/2푏 (i.e., 1.0, 1.2, or 1.5). Specimens which have an elliptical aspect ratio of 1.0 are circular DSTCs (i.e., EC1-ec1-F6 and EC1-rc1-F6 as shown in Figure 2 (a) and 3(a), respectively). For EE-DSTCs, four types of elliptical steel tubes were used, which had the same length of major axis 2푎 (i.e., 204 mm), but four different minor axes 2푏 (i.e., 204, 170, 136 and 102 mm) ( Figure 2 , Table  2 ). For RE-DSTCs, four types of rectangular steel tubes were used, which had the same corner radius of 20 mm, the same breadth of the steel rectangular cross-section (i.e., 180 mm), but four different widths (i.e., 180, 150, 120 and 90 mm) ( Figure 3 , Table 3 ).
For ease of reference, each specimen is given a name (Table 1) , which consists of three parts: (1) the first part "EC1", "EC2" and "EC3" indicate the elliptical aspect ratio to be "1.0", "1.2" and "1.5", respectively; (2) the second part starts with "ec" or "rc" to indicate the cross-sectional shape of the steel tube to be elliptical or rectangular, followed by a digit to indicate the steel tube type as described in Tables 2 (Tables 2 and 3 ). All elliptical steel tubes were fabricated using the same batch of raw materials, whereas all rectangular steel tubes were manufactured using another batch of raw materials. All these steel tubes were manufactured following four steps: (1) cutting a flat steel plate to designed dimensions; (2) bending the flat steel plate to form half part of a steel tube; (3) welding two identical half parts together by two longitudinal welds; (4) milling the two ends of each steel tube to achieve flat ends which are perpendicular to its axis. Tensile tests on five steel coupons were conducted following BS 18 [36] for elliptical steel tubes and rectangular steel tubes, respectively. Test results showed the tensile stress-strain curves of these steel coupons had a long yield plateau and then a hardening branch before the final rupture. e average elastic modulus , the average yield stress and the average ultimate tensile strength are shown in Tables 2 and 3 .
In addition, for each type of these steel tubes, two hollow steel tubes, which had the same height as those used in elliptical DSTCs (i.e., 600 mm), were tested under monotonic axial compression. On the outer surface of each steel tube, four hoop strain gauges and four axial strain gauges with a gauge length of 20 mm were installed at the midheight uniformly distributed along the circumferential direction. Four LVDTs were installed to measure the overall axial shortening of each steel tube. e failed steel tubes a er axial compression tests and the axial stress-axial strain curves are all shown in Figures 5 and 6 , with the axial strain being obtained from LVDTs. As shown in Figure 5 , steel tube ec1 showed an elephant foot buckling failure mode which is typical for circular steel tubes, whereas other elliptical steel tubes showed local buckling failures near the midheight of the steel tube. e axial stress-strain curves of elliptical steel tubes exhibited an ascending branch and a slowly descending branch. As shown in Figure 6 , all rectangular steel tubes showed local inward/outward buckling failure, and their axial stress-strain curves exhibited a linear ascending branch and then a descending branch a er the peak stress point. As shown in Figures 5 and 6 , the peak stresses of these steel tubes were much lower than the ultimate tensile strength obtained from the flat steel coupon tests, which was mainly due to the local buckling failure of these steel tubes. Figure 4 shows the experimental setup and instrumentation for all specimens. Six LVDTs were installed to measure the axial deformation of each specimen. Of the six LVDTs, four (i.e., LVDT-300) were used to measure the shortening of the 300mm midheight region, while the other two (i.e., LVDT-600) were used to measure the total shortening of the specimen. For the outer FRP tube, four axial strain gauges were installed at the midheight of the specimen uniformly distributed along the circumference of the elliptical cross-section; in addition, ten hoop strain gauges were also installed at the midheight as shown in Figure 4 (a). At the midheight of the inner steel tube and 3; (3) the third part has a letter "F" and one digit to indicate the fiber sheet layers of the FRP tube. e nominal thickness of each layer fiber sheet was 0.35 mm, leading to two FRP tube thicknesses for these specimens (i.e., 1.05 mm and 2.10 mm).
Experimental Setup and Instrumentation.
All elliptical and rectangular steel tubes in the present study had the same thickness (i.e., 4.5 mm). e FRP tube of all specimens was formed by wrapping continuous unidirectional glass/epoxy laminates on the hardened concrete surface with the fibers oriented in the hoop direction. For each FRP tube, there was an overlapping zone spanning a circumferential distance of 150 mm ( Figure 4 ). Additional FRP strips with a width of 40 mm were provided near the two ends of the specimens to prevent premature failure there. Compared with FRP-confined solid columns, hybrid DSTCs can save concrete significantly due to the inner void, which could be indicated by the void area ratio (i.e., the ratio of the area of the concrete void to the area of the outer elliptical section). Two groups of elliptical DSTCs were prepared to investigate the effect of the void area ratio (i.e., EC2-rc2-F6, EC2-rc3-F6, and EC2-rc4-F6; EC2-ec2-F6, EC2-ec3-F6, and EC2-ec4-F6). To investigate the effect of the cross-section shape of the inner steel tube, for each elliptical DSTC with an elliptical inner steel tube, there was a companion elliptical DSTC with a rectangular inner steel tube, which had the same aspect ratio, the same FRP tube thickness, and the same void area ratio (e.g., EC2-rc2-F6 and EC2-ec2-F6 are a pair of elliptical DSTCs for comparison).
Material Properties
2.2.1. Concrete. Self-compacting concrete (SCC) was adopted to ensure the quality of the concrete casting. ree plain concrete cylinders (150 mm in diameter and 300 mm in height) were prepared and tested under a displacementcontrolled loading rate of 0.18 mm/mm to obtain the compressive properties of unconfined concrete according to ASTM C39/C39M [34] . e elastic modulus , the peak stress , and the axial strain at peak stress averaged from these concrete cylinder tests are 33.6 GPa, 50.4 MPa, and 0.26%, respectively.
FRP.
To determine the material properties of the FRP tube for these specimens, tensile tests were conducted on six flat coupons according to ASTM D3039/D3039M [35] . e FRP coupon, which contained two layers of fiber sheets, was fabricated using the same wet-layup technique as the FRP tube for elliptical DSTCs. e elastic modulus , the ultimate strength and the ultimate strain averaged from these 
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A er the test, the damage of the FRP tube and the inner steel tube was carefully examined (Figure 7 ). e ruptures of the FRP tube, which was mainly due to the hoop tension induced by the dilation of the inner concrete, were generally close to the ends of the major axis of the elliptical cross-section. As expected, the concrete layer also suffered severe crushing at the locations where FRP ruptures occurred. Severe inward deformation and local buckling, which was generally close to the localized damage of the FRP tube, was noticed for the inner steel tubes. It is evident that the inward buckling of rectangular steel tubes was much severe than that of elliptical steel tubes (Figure 7 ).
Axial Load-Axial Strain Curves.
As the axial strain gauges were on the outer surface of the FRP tube and the around 0.03%, a loud noise was noticed emitting from the specimens, suggesting that severe damage had occurred in the concrete. As the loading process progressed, the hoop strain readings of these strain gauges near the ends of the major axis of elliptical cross-section (i.e., strain gauges A, B, C, G, H, I in Figure 4 (a)) generally increased faster than the rest hoop strain gauges, indicating the FRP tube provided more effective confinement there. Before the rupture of the FRP tube, noticeable damages were observed on the outer surface of the FRP tube, which were generally close to the ends of the major axis of the elliptical cross-section. At the final stage of the loading test, progressive snapping noise of fibers was noticed and finally, the explosive rupture of FRP tube occurred associated with a big noise. DSTCs are examined to evaluate the effect of the elliptical aspect ratio. Elliptical DSTCs in each subfigure had the same FRP tube thickness (i.e., the nominal thickness of FRP tube is 2.10 mm) and the same void area ratio (i.e., 0.46), but different elliptical aspect ratios. As shown in Figure 10 , the averaged stress of the confined concrete increases with the increase in the elliptical aspect ratio, whereas the elliptical aspect ratio has no obvious effect on the ultimate axial strain. For an elliptical DSTC with a larger aspect ratio, the concrete at region A of the elliptical cross-section (i.e., the region of the concrete between the FRP tube and the steel tube along the direction of the major axis of the elliptical section) is under more effective confinement due to the larger local curvature of the FRP tube, leading to higher strength enhancement there ( Figure 10 ). Figure 11 , four pairs of elliptical DSTCs, which have the same elliptical aspect ratio, the same void ratio but a different FRP tube thickness, are compared to investigate the effect of FRP tube thickness.
Effect of FRP Tube ickness. As shown in
It is well known that the response of concrete confined by FRP is significantly affected by the confinement stiffness and the hoop rupture strain of the FRP tube. A thicker FRP tube generally has larger strength enhancement and ductility improvement. As shown in Table 4 , the strength enhancement ratio 푓 /푓 and the strain enhancement ratio 휀 /휀 of these specimens with a 6-layer FRP tube are much higher than those of companion specimens with a 3-layer FRP tube. It is evident that FRP tube thickness has a significant effect on the axial stress-strain curves of Elliptical DSTCs: a thicker FRP tube leads to higher peak stress and larger ultimate axial strain for the confined concrete in elliptical DSTCs. For EE-DSTCs, it is also evident that a thicker FRP tube leads to a higher stiffness for the second portion of the axial stress-strain curve of the confined concrete (Figures 11(a) and 11(b) ).
Effect of Void Area
Ratio. e effect of the void ratio can be examined by comparing the stress-strain curves of two groups of elliptical DSCTs. EE-DSTCs [i.e., EC2-ec2-F6 (휑 = 0.46), EC2-ec3-F6 (휑 = 0.37) and EC2-ec4-F6 (휑 = 0.28)] are compared in Figure 12 (a) while ER-DSTCs [i.e., EC2-rc2-F6 (휑 = 0.46), EC2-rc3-F6 (휑 = 0.37) and EC2-rc4-F6 (휑 = 0.28)] are compared in Figure 12 (b). As shown in Figure  12 (a) for EE-DSTCs, specimen EC2-ec2-F6 (휑 = 0.46) has the largest peak axial stress and the largest ultimate axial strain, while specimen EC2-ec3-F6 (휑 = 0.37) has the smallest peak axial stress and the smallest ultimate axial strain. However, the effect of the void area ratio is quite the opposite for ER-DSTCs as shown in Figure 12(b) . Nevertheless, within the range examined the void area ratio does not have a significant effect on either the ultimate axial strain or the peak axial stress of the confined concrete. A further experimental study is needed to clarify the effect of the void ratio. Figure 13 to evaluate the effect of the cross-section shape of the inner steel tube. For elliptical DSTCs with an elliptical inner steel tube, the axial stress-strain curves exhibit a typical bilinear ascending shape with a smooth transition curve connecting the two linear steel tube, their readings may not closely reflect the strain state of the confined concrete especially a er the development of significant localized damage on the FRP tube and the local buckling of the steel tube. e axial strain obtained from the LVDTs cover the total height of the specimen (i.e., LVDT-600) may not reflect the strain state of the confined concrete especially at the early stage of the axial compression as there may be initial gaps between the loading plates and the two ends of the specimen. In this paper, the axial strain found from LVDT-300, which reflects the average axial strain of the 300-mm midheight region, is used to represent the axial strain of these specimens. Axial load-axial strain curves of all specimens are shown in Figure 8 in two groups. As shown in Figure 8 (a), the axial load-axial strain curves of EE-DSTCs exhibit an ascending linear branch and a smooth curve transition at the axial strain of around 0.3%, then followed by a second ascending branch. In contrast, the second branch of ER-DSTCs is approximately a plateau with a staled load ( Figure  8(b) ). For some ER-DSTCs (e.g., specimens EC1-rc1-F6 and EC2-rc2-F6), the second branch is a slightly descending curve.
Effect of Cross-Section of the Steel Tube. Six pairs of elliptical DSTCs are compared in
Key Test Results.
As introduced above, the elliptical FRP tubes of these elliptical DSTCs only had fibers oriented in the hoop direction. erefore, the direct load contribution of the FRP tube is ignored in the present study. For elliptical DSTCs, the direct load contribution of inner steel tubes should be considered when obtaining the axial load resisted by the concrete. e axial load resisted by the concrete in elliptical DSTCs is assumed to be equal to the axial load resisted by the specimen subtracted by the axial load resisted by the inner steel tube at the same axial strain. e axial load carried by the inner steel tube was assumed to be the same as the hollow steel tubes under axial compression ( Figures 5 and 6 ). e axial loads of the specimen, the concrete, and the steel tube are illustrated for two typical elliptical DSTCs in Figure 9 . e average axial stress of the confined concrete in elliptical DSTCs is obtained as the load resisted by the concrete divided by the cross-section area of the concrete.
e key test results of all specimens are summarized in Table 4 . max is the peak axial load of the specimen obtained from the test.
is the peak axial stress of the confined concrete. is the ultimate axial strain of the specimen when the FRP tube ruptured. hrup is the rupture strain of the FRP tube averaged from the hoop strain gauges outside of the overlapping zone. Some of the hoop strain gauges, which failed to work before the rupture of the FRP tube, were excluded from the calculation of the average hoop rupture strain hrup . hrup,max is the maximum hoop rupture strain found from the ten hoop strain gauges on the midheight of the FRP tube. e planar location of the hoop strain gauge with the maximum hoop rupture strain hrup,max could be found in Figure 4 (a) and Table 4 . It is evident that the maximum hoop rupture strain hrup,max mostly occurred near the ends of the major axis of the elliptical cross-section. 푓 /푓 and 휀 /휀 is the strength enhancement ratio and the strain enhancement ratio of the confined concrete, respectively. Figure 10 , axial stress-strain curves of the confined concrete of elliptical Advances in Polymer Technology 8 the local inward buckling of the inner steel tube. In contrast, elliptical DSTCs with a rectangular inner steel tube display axial stress-strain curves with a linear ascending curve and portions ( Figure 13 ). e axial stress-strain curve of specimen EC1-ec1-F6 has a small descending portion when the axial strain exceeds 0.032, which is believed to be attributed to elliptical DSTCs with an elliptical steel tube generally failed at much larger ultimate axial strains and had much large strain enhancement ratios and strength enhancement ratios than corresponding elliptical DSTCs with a rectangular steel tube. erefore, elliptical DSTCs with an elliptical steel tube exhibit much better ductility and strength enhancement than those specimens with a rectangular steel tube.
Effect of Elliptical Aspect Ratio. As shown in
Stress-Strain Model
Yu et al.'s Model for Circular DSTCs with a Circular Steel
Tube. Yu et al. [11] proposed a simple stress-strain model for the confined concrete of circular DSTCs with a circular steel tube (Figure 1(a) ), which was based on Teng et al. 's [37] stress-strain model for circular FRP-confined solid concrete an approximately linear curve with almost constant stress ( Figure 13 ). As shown in Figure 7 , the inward buckling of rectangular steel tubes was much severe than that of elliptical steel tubes. erefore, the confinement effect of ER-DSTCs is much less efficient than that of EE-DSTCs, especially a er the development of severe buckling. It is evident that the second portion of the axial stress-strain curves of EE-DSTCs has much larger stiffness due to the effective confinement of both the elliptical FRP tube and the elliptical inner steel tube. However, the second portion of the axial stress-strain curves of ER-DSTCs has a very small stiffness which was mainly due to the severe inward buckling of the inner rectangular steel tube as shown in Figure 7 . It is evident that the crosssection shape of the inner steel tube has a significant effect on the axial stress-strain behavior of the confined concrete in elliptical DSTCs. As illustrated in Figure 7 and Table 4 , Axial load (kN) (1) where:
FRP is the FRP volumetric ratio for elliptical FRP-confined solid concrete column;
is the confinement stiffness ratio with the effect of elliptical aspect ratio considered;
and are half of the major axis and the half of the minor axis of elliptical cross-section;
is the ultimate tensile strain of FRP from tensile coupon tests;
is the FRP strain efficiency ratio accounting for the discrepancy between the FRP jacket rupture strain obtained from an FRP-confined concrete column test and that obtained from the flat coupon test; is taken as 0.70 in Teng et al. (2009) ; is the shape factor accounting for the effect of cross-sectional shape on the jacket rupture strain for the equivalent circular column.
where: and are the axial stress and the axial strain of confined concrete, respectively; ὔ and are the compressive strength and the ultimate axial strain of confined concrete, respectively; ὔ and are the compressive strength and the axial strain at peak axial stress of unconfined concrete, respectively; is the intercept of the stress axis by the linear second portion, which is taken to be ὔ ; is the initial elastic modulus of confined concrete; 2푐 is the slope of the linear second portion of the stressstrain curve; seco is the secant modulus of unconfined concrete; is the axial strain at the smooth transition point where the parabolic first portion meets the linear second portion;
and are the confinement stiffness ratio and the strain ratio, respectively; frp is the elastic modulus of FRP in the hoop direction; frp is the thickness of the FRP tube; h,rup is the hoop strain of FRP at the rupture of the tube due to hoop tensile stresses;
and is the outer radius and the outer diameter of the annular concrete section, respectively; is the ratio between the outer diameter of the steel tube and the outer diameter of the annular concrete section .
Teng et al.'s Model for Elliptical FRP-Confined Solid Concrete
Columns. Teng et al. [38] proposed a simple stress-strain model for the confined concrete of elliptical FRP-confined solid concrete columns, which was also based on Teng et al. 's [37] stress-strain model for circular FRP-confined solid columns. e effect of elliptical aspect ratio on the compressive strength of confined concrete was considered in Teng et al. 's [38] model, which consists Equations (1), (3), (4), (9) , and the following equations: 
Conclusions
is paper presents an experimental study on elliptical DSTCs under monotonic axial compression. e test results and discussions allow the following conclusions to be drawn: (1) e elliptical aspect ratio has no obvious effect on the ultimate axial strain of the confined concrete in elliptical DSTCs, whereas the averaged peak stress increases with the increase of the elliptical aspect ratio.
(2) Elliptical DSTCs with an elliptical steel tube exhibit much better ductility and strength enhancement than those elliptical DSTCs with a rectangular steel tube. (3) Elliptical DSTCs with a thicker FRP tube generally have higher averaged peak stress and larger ultimate axial strain of the confined concrete. (4) Within the range examined the void area ratio does not have a significant effect on either the ultimate axial strain or the peak axial stress of the confined concrete. Data Availability e experimental data presented in the paper is obtained by the authors. All the test data is available by sending an email to the corresponding author. [38] model. Based on the experimental results in the present study, Equations (19) and (20) , which are derived through a trial and error process, are proposed to account for the effects of the elliptical aspect ratio, the inner void, and the cross-section shape of the inner steel tube for elliptical DSTCs.
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where:
is the void area ratio, which the ratio between the area of the concrete void and the area of the outer elliptical section of concrete;
is the shape factor of the inner steel tube; is taken to be 1.0 and 0.5 for an elliptical inner steel tube and a rectangular inner steel tube, respectively.
To summarize, the proposed stress-strain model for confined concrete in elliptical DSTCs includes Equations (19) and (20) proposed in the present study and Equations (1), (3), (4), (9), (11)-(13), (16)- (18) . e void area ratio in Equation (19) (i.e., the ratio between the area of the concrete void and the area of the outer elliptical section of concrete), is different from the void ratio in Equation (6) [11] model which is defined as the ratio between the outer diameter of the steel tube and the outer diameter of the annular concrete section . Equation (19) is degraded to Equation (6) for circular DSTCs. is the shape factor of the inner steel tube. is taken to be 1.0 for an elliptical inner steel tube, but is 0.5 for a rectangular inner steel tube to account for the negative effect of the significant inward buckling of the rectangular steel tube. For elliptical FRP-confined solid concrete columns, Equations (19) and (20) are degraded to Equations (14) and (15), respectively. e axial stress-axial strain curves of experimental results are compared with predictions of the proposed model in Figure 13 . e FRP rupture strain obtained from the flat coupon test was used in all predictions following Equation (17) as suggested in Teng et al.'s [38] model. It is evident that the proposed model produces approximately bilinear axial stress-strain curves for the confined concrete of elliptical DSTCs which are in close agreement with the experimental stress-strain curves. e predicted peak stress and ultimate strain of the confined concrete in elliptical DSTCs are compared with the predictions of the proposed model in Figure 14 . It is evident, the proposed model is capable of providing reasonably accurate but generally conservative predictions. 
